Methods: We compared individual KIR and HLA-class 1 genotypes of 68 healthy volunteers to 51 patients infected with LASV in Sierra Leone, including 37 survivors and 14 fatalities. Next, potential HLA-C1, HLA-C2, and HLA-Bw4 binding epitopes were in silico screened among LASV nucleoprotein (NP) and envelope glycoprotein (GP). Selected 10-mer peptides were then tested in peptide-HLA stabilization, KIR binding and polyfunction assays. Findings: LASV-infected patients were similar to healthy controls, except for the inhibitory KIR2DL2 gene. We found a specific increase in the HLA-C1:KIR2DL2 interaction in fatalities (10/11) as compared to survivors (12/19) and controls (19/29). We also identified that strong of NP and GP viral epitopes was only observed with HLA-C molecules, and associated with strong inhibition of degranulation in the presence of KIR2DL + NK cells. This inhibitory effect significantly increased in the presence of the vGP 420 variant, detected in 28.1% of LASV sequences. Interpretation: Our finding suggests that presentation of specific LASV epitopes by HLA-C alleles to the inhibitory KIR2DL2 receptor on NK cells could potentially prevent the killing of infected cells and provides insights into the mechanisms by which LASV can escape NK-cell-mediated immune pressure.
Lassa virus (LASV) of the Arenaviridae family is the etiologic agent of the viral hemorrhagic disease Lassa fever (LF). The primary natural reservoir for LASV is the African multimammate mouse (Mastomys natalensis), and transmission to humans occurs via direct contact with rat excreta or by contact with or ingestion of contaminated materials [1, 2] . Human-to-human transmission occurs via exposure to blood or bodily fluids, and nosocomial infections are of concern, particularly in low-resource settings [3] . Due to the wide geographical distribution as well as the high reproduction rate and commensal nature of Mastomys in Africa, LF appears to be endemic to Nigeria, Liberia, Sierra Leone, Guinea, and Mali, and likely exists in focal pockets across West Africa [4] . In some areas of Liberia and Sierra Leone, 10-15% of all hospital admissions are due to LF indicating a serious and widespread impact of LF. According to the CDC, it is estimated that 100,000 to 300,000 cases of LF occur per year in the endemic regions of West Africa, and it causes approximately 5000 deaths per year among identified cases. With the exception of Dengue fever, the estimated global burden of LF is the highest among all viral hemorrhagic fevers [5] , and in 2016, the World Health Organization identified LASV as a top priority emerging pathogen and recommended accelerated vaccine development [6] .
In the early stage of infection, LF is often misdiagnosed with other tropical febrile illnesses due to the presence of non-specific signs and symptoms, such as fever, headache, arthralgia, myalgia, and asthenia, which are observed 6 to 12 days after infectious contact. Pharyngitis, conjunctivitis, cough, abdominal pain, facial or neck edema, diarrhea, vomiting, and abnormal bleeding can appear at later disease stages. Severely affected patients die because of hypotensive, hypovolemic, and hypoxic shock, whereas the symptoms disappear within 10 to 15 days after disease onset in surviving patients [7] [8] [9] . The observation that about 4 out of 5 patients successfully control LASV infection and recover suggests that LF can induce effective immunity, whereas severe LASV infection could be associated with defective immune responses and even virus-induced immunosuppression.
Natural killer (NK) cells are an important component of the antiviral immune response. They have the ability to lyse target cells and to regulate adaptive immune responses through the production of cocktails of chemokines and cytokines [10] . NK cell activity is determined by the integration of inhibitory and activating signals that arise from the binding of a vast array of receptors present on the surface of these cells. Such receptors include the killer-cell immunoglobulin-like receptors (KIRs): KIR2DL1, KIR2DL2, and KIR3DL1, which bind human leukocyte antigen (HLA) class-1 of the C1, -C2, and -Bw4 groups, respectively, and result in the inhibition of NK-cell function [11] [12] [13] . Furthermore, genetic studies have uncovered associations between specific KIR:HLA class-1 combinations and particular outcomes to various viral infections, including Ebola virus infection [14] [15] [16] .
LASV exhibits broad tissue tropism, with dendritic cells (DC) being important in vivo targets of infection [17] . In vitro, LASV-stimulated NK cells acquire an enhanced cytolytic potential against K562 target cells that lack HLA class-1 molecules, whereas LASV-infected DC with constitutive HLA class-1 molecule expression remain resistant to NK cell lysis [18] . It was hypothesized that a viral sequence within HLA class-1-presented epitopes might lead to enhanced engagement of inhibitory KIRs expressed on NK cells inhibiting NK cell activity against infected cells. KIRs recognize their cognate HLA class-1 ligands in a peptide-dependent manner, as emphasized by the resolution of crystal structures of KIR/peptide/HLA complexes [19] . Amino-acid point mutations within viral peptides might allow for viral escape from NK-cellmediated immune recognition, as reported in HIV-1 [13, 20, 21] . However, the mechanism by which LASV can enable evasion from antiviral NK cells remains poorly understood. Therefore, this study aimed to determine the impact of inhibitory KIRs on NK cells and their cognate HLA class-1 ligands on the susceptibility to LASV infection.
Materials and methods

Study subjects
In total, 37 survivors and 14 non-survivors LASV-infected patients were included in this study. They are compared to healthy controls from the same geographical origin in Kenema, Sierra Leone (n = 68), and in Franceville, Gabon (n = 54) [22] . This study was conducted in accordance with the principles of the Declaration of Helsinki and with French statutory and regulatory law. Patients received information about research performed on biological samples and provided written informed consent to participate. This study was approved by the Sierra Leone Ethics and Scientific Review Committee, and the French institutional ethic committee (Comité de Protection des Personnes of Ile de France VI).
KIR and HLA genotyping
DNA was extracted from whole blood using QIAamp DNA blood mini kit (Qiagen) from laboratory-confirmed LASV survivors and fatalities in Kenema Government hospital (Kenema, Sierra Leone). KIR genotyping was performed by polymerase chain reaction (PCR) using standard primers and internal controls, as previously described [23] . HLA class-1 alleles were hybridized using the LABType SSO kit (One Lambda) following the manufacturer's instructions.
Cells and antibodies
The class-1 MHC-negative human B cell line 721.221 (transduced with the TAP inhibitor ICP47) [24] was transfected with HLA-B*53:01, HLA-B*27:05, HLA-C*05.01, HLA-C*06.02, HLA-C*07.01, or HLA-C*08:02 (kindly provided by Prof. J. Strominger, Harvard University, USA) using the Amaxa nucleofactor kit (Lonza). Surface expression of HLA molecules on 721.221-ICP47-transfected cells was analyzed by flow cytometry using the pan-anti-HLA class-1 monoclonal antibody (#W6/32, Thermo-Fisher Scientific) as previously described [25] .
NK-cell lines were obtained from 3 characterized healthy donors: NK-NAM: 2DL1 − [26] . NK cells were purified by using magnetic-activated cell sorting (MACS) separation columns (Miltenyi Biotec) and cultured in the presence of 100 U /mL recombinant IL-2 (Proleukin-2; Prometheus), as previously described [27] . NK cells were analyzed with KIR2DL1-Fc, KIR2DL2-Fc, or KIR3DL1-Fc fusion proteins (R&D Systems) followed by a secondary staining with a goat anti-human Fc-specific fragment-phycoerythrin antibody (Thermo-Fisher Scientific), as described [21] .
Epitope prediction tools
Consensus sequence and polymorphisms were obtained by comparison of the entire 210 LASV glycoprotein (GP) and nucleocapsid protein (NP) sequences listed on NCBI resources (https://www.ncbi.nlm.nih. gov), and were analyzed using the Weblogo software (http://weblogo. berkeley.edu/) ( Supplementary Fig. 1 ).
To screen for potential HLA-C1, HLA-C2, and HLA-Bw4 binding epitopes among LASV GPs and NPs, the entire consensus sequences were entered into the NetMHCpan 4 HLArestrictor tool program (http:// www.cbs.dtu.dk/services/HLArestrictor/). Standard recommended threshold settings were used to screen and select peptides that potentially led to the strongest interaction with HLA-C1 (*03:03, 07:01, 07:02, 08:02, 12:03, and 14:02), HLA-C2 (*04:01, 05:01, 06:02, and 15:02), and HLA-Bw4 (*0802, 0803, 2705, 3801, 4402, 4403, 5101, 5103, 5701, and 5801) and their naturally occurring variants. The negative NP 230 "IDTKKSSLNS" control peptide was selected due to its inability to bind any of the HLA class-1 molecules (percent rank between 55% and 99%, depending on HLA class-1 alleles). In addition, a scramble peptide from the GP 192 LASV peptide (Scr/GP 192 ; AWMGISYRMG) as well as two HLA-C*06:02 restricted positive control peptides: the MUM-2 derived peptide, FRSGLDSYV [28, 29] , and the RunX3 derived peptide, ARFNDLRFV [30] are used in some experiments. Each peptide was then validated experimentally. All selected 10-mer peptides were synthetized by Covalabs (Villerban, France).
Research in context
Evidence before this study Lassa virus (LASV) is responsible of devastating hemorrhagic illnesses that occurs in West Africa. For instance, the crosstalk between the virus and the cellular components of the innate immune system during acute infection has yet to be deciphered, LASV infection seems to be associated with defective immune responses.
Added value of this study
Findings from this study indicate a specific association between the KIR2DL2 gene and fatalities in a cohort of LASV + patients from Sierra Leone, in association with specific epitopes of the nucleoprotein and envelope glycoprotein from LASV when presented by HLA-C molecules
Implications of all the available evidence
These data provide novel insights into the mechanisms by which LASV can escape NK-cell-mediated immune pressure.
Peptide-HLA stabilization and KIR binding assay
HLA-transfected 721.221-ICP47 cells were pulsed with 100 μM of the indicated selected peptide for 24 h, as described [21] . After staining with the anti-pan-HLA class-1 monoclonal antibody (#W6/32), cells were analyzed using a Navios flow cytometer (Coulter). As controls, cells were cultured in the absence of peptide or pulsed with the negative NP 230 peptide. Titration experiments were performed using 100 μM, 10 μM, or 1 μM peptide.
KIR binding assays were performed after 24 h peptide-HLA stabilization. Briefly, peptide-pulsed 721.221-ICP47 cells were stained with adequate KIR-Fc fusion protein [21] . After staining, target cells were analyzed by flow cytometry.
Polyfunctional assay
NK cell lines from the 3 characterized healthy donors were incubated with peptide-pulse HLA-transfected 721.221-ICP47 cells at an effector:target (E:T) cell ratio of 1:1, in the presence of anti-CD107a mAb (#H4A3; Becton Dickinson) to measure degranulation. Cells were thereafter incubated for 5 h in the presence of Golgi Stop and Golgi Plug solutions (BD Biosciences) and then stained with cellsurface markers (anti-CD3, anti-CD56, and anti-CD45). Cells were fixed, permeabilized with a cytofix/cytoperm kit (Becton Dickinson), and then intracellularly stained with anti-IFN-γ (#B27; Becton Dickinson) and anti-TNF-α (#Mab11; eBiosciences), as previously described [31] . Data were analyzed with the "Boolean gate" algorithm using Flow Jo version 9 (TreeStar). Pestle software was used to remove the background, and pie charts, generated with Spice software (NIAI freeware) [32] , present the frequency of NK cells positive for 0, 1, 2, or 3 responses. Arcs depict the frequency of cells positive for CD107a, IFN-γ, or TNF-α.
Statistical analysis
Statistical analyses were performed with Prism software (GraphPad, CA, USA). The non-parametric Kruskal-Wallis tests were used as appropriate for comparison of continuous variables between groups.
Results
Association of HLA class-1 and inhibitory KIR genotype with fatal outcome in LASV Infection
We compared individual KIR genotypes of 68 healthy volunteers to 51 patients infected with LASV, including 37 survivors and 14 fatalities. Percentages of KIR gene carriers in the Sierra Leonne and Gabonese control samples were similar to each other (Table 1) and to other African cohorts [22, 33] . Overall, LASV-infected patients were similar to healthy controls, except for the inhibitory KIR2DL2 gene. While survivors (28/ 37, 75.7%) were equivalent to controls (50/68; 73.5%), 100% of fatal cases carried the KIR2DL2 gene (p = .032) ( Table 1) .
Since the interactions between KIR and their ligands are essential to control NK-cell function, we next evaluated the frequency of KIR genes in combination with the genes that encoded their respective known ligands in the same patients. We observed a similar proportion of HLABw4 allele among KIR3DL1 + survivor, fatal and control patients (Table 1) and it was also the case for the genetic combination of KIR2DL1 and HLA-C2 between infected and healthy samples. In contrast, we noticed a specific increase in the HLA-C1:KIR2DL2 interaction in fatalities (10/11; 90.1%) as compared to survivors (12/19; 63.1%) and control individuals (19/29; 65.5%). While the data did not reach statistical significance (due to the small proportion of fatalities in LASV) they suggested that HLA-C1:KIR2DL2 interaction could certainly participate to the fatal outcome LASV infection. We next investigated whether peptides from GP and NP LASV proteins presented by HLA class-1 molecules on target cells can impact NK cell function through HLA-C1:KIR2DL2 interaction. We initially obtained consensus sequences from the 210 published entire sequences of NP and GP from LASV ( Supplementary Fig. 1 ). These consensus sequences were used to identify potential epitopes using the NetMHCpan 4 HLArestictor predictive tool (http://www.cbs.dtu.dk/services/ HLArestrictor/). A similar number of weak and strong interactions were found with NP and GP viral proteins. Most of these interactions were linked to HLA-Bw4, but not HLA-C (C1 and C2) molecules, and reached statistical significance for GP (Fisher test: p = .0309; Odds ratio: 0.0898, IC 95%: [0.0016; 1.0191]) (Supplementary Table 1 ). To experimentally confirm these data, we utilized 721.221 cells transfected with ICP47 which blocks transporter associated with antigen processing (TAP) function and pulsed these cells with different HLA class-1 molecules (B*27:05, B*53:01, C*05:01, C*06:02, C*07:01 or C*0802) to determine the ability of specific peptides to bind to and stabilize HLA class-1 molecules. Fig. 1a shows that pulsing with wild-type peptides sharply induces expression of HLA class-1 molecules, as detected with the W6/32 (HLA-A,B,C) monoclonal antibody. Similar data were obtained with other tested LASV peptides but only with regard to their specific cognate HLA class-1 molecules (data not shown). Of note, the low binding activity in the absence of peptide could suggest that self-peptides can be loaded, in previously described [21, 34] . Unexpectedly, GP 192 was the sole epitope able to promote multiple strong interactions with HLA-C1 (C*07:01), HLA-C2 (C*06:02), and HLA-Bw4 (B*27:05 and B*38:01) molecules ( Fig. 1a-b; Supplementary Table 2 ). As controls, strong binding was also observed with MUM-2 and RunX3 derived peptides, two HLA-C*06:02 restricted positive control peptides, whereas lower binding was observed in the presence of a scramble peptide from GP 192 (Supplementary Fig. 2a) .
Previous studies in HIV-1 and other infections demonstrated that viral escape resulted from immune pressure by selection of sequence polymorphisms [20] . Considering that main anchor positions are typically composed of hydrophobic amino acid residues in position 2 and the C-terminus [35] , we identified only a few polymorphisms in NP (vNP 358 ) and GP (vGP 132 , vGP 374 , vGP 420 and vGP 471 ) sequences that led to stronger HLA class-1 interactions compared to their wildtype counterparts (Supplementary Table 2 ). Most of these variants, however, were detected in less than 5% of the sequences, although vNP 358 and vGP 420 were observed in 33.8% and 28.1% of sequences, respectively (Table 2; Supplementary Table 2) . We confirmed that vNP 358 was associated with a loss of interaction with HLA-B*53:01 (Fig. 1c) , whereas vGP 420 increased binding to HLA-C1 (C*08:02) and promoted binding to HLA-C2 (C*05:01), compared to wild-type peptides (Fig. 1d-e) . Titration experiments using serial peptide dilutions, confirmed equal HLA stabilization induced by GP 420 wild-type and variant peptides (Supplementary Fig. 3 ).
LASV epitopes from NP and GP enhanced binding to inhibitory KIR2DL receptors
To assess the consequences of NP and GP epitope presentation, KIR/ HLA interactions were assessed in the presence of specific KIR-Fc fusion proteins. Strong KIR-Fc binding was detected with all tested LASV peptides in the presence of HLA-C1 and -C2 molecules ( Fig. 2a ; Supplementary Fig. 3a) . In addition, GP 420 wild-type and variant peptides bound similarly to HLA-C1 and -C2 molecules in the presence of KIR2DL1-Fc and KIR2DL2-Fc proteins, respectively (Fig. 2b) . The results of repeated binding assays are shown in Fig. 2c . Unexpectedly, no specific KIR3DL1-Fc binding was observed in the presence of peptides that led to strong interaction with the different HLA-Bw4 molecules, such as HLA-B*27:01 (Fig. 2a) . Similar data were obtained with NP 358 wild-type and variant peptides in the presence of 721.221-ICP47-HLA-B*53:01 cells ( Supplementary Fig. 4a-4b ), and with other tested peptides (data not shown). As controls, strong interaction with KIR2DL1was also observed with MUM-2 and RunX3 derived peptides, two HLA-C*06:02 restricted positive control peptides, whereas very low interaction was detected in the presence of a scramble peptide from GP 192 (Supplementary Fig. 2b ).
KIR/HLA-C-associated LASV epitopes specifically inhibits NK-cell function
We next investigated whether strong KIR2DL-Fc binding to HLA-C induced by LASV epitopes could modulate the effector function of specific KIR + NK cells. Primary NK cells from different KIR/HLA-typed healthy donors were co-incubated with HLA-C-transfected 721.221-ICP47 cells pulsed with selected peptides. NK cell function was assessed to simultaneously detect degranulation by CD107a/LAMP1 cell-surface expression and intracellular cytokine production (interferon gamma [IFN-γ] and tumor necrosis factor alpha [TNF-α]). In the absence or presence of a control peptide that did not allow for KIR binding, target cells strongly induced both degranulation and cytokine production (Fig. 3a) . In contrast, while the NP and GP LASV peptides led to strong HLA-C1 and -C2 interactions, they primarily inhibited degranulation in the presence of KIR2DL2 + and KIR2DL1 + NK cells, respectively ( Fig. 3a-b) . As controls, very low level of degranulation of KIR2DL1 + NK cells was also observed with MUM-2 and RunX3 derived peptides, Data are expressed in NetMHCpan percentile rank score; the lower score is associated with the higher predicted affinity. Frequency is based on the 210 NP and GP analyzed sequences. Point-mutations are underlined.
two HLA-C*06:02 restricted positive control peptides, at two E/T ratio (1/1 and 5/1), whereas high degranulation was observed in the presence of a scramble peptide from GP 192 , closed to the baseline observed with untreated cells (Supplementary Fig. 2c ). Similar results were obtained in the presence of NK cells that expressed KIR2DL3 (data not shown). Furthermore, this inhibitory effect significantly increased in the presence of the vGP 420 variant peptide, compared to wild-type, and degranulation was altered for 721.221-ICP47 cells transfected with HLA-C*05:01 (p = .081) and C*08:03 (p = .019) (Fig. 3c-d) .
Notably and in accordance with the KIR3DL1-Fc binding assay ( Supplementary Fig. 4a-4b ), the addition of NP or GP LASV peptides that binds different HLA-Bw4 alleles did not alter NK cell degranulation or cytokine production whether the NK cells expressed KIR3DL1 (Fig. 3a, right panels; Supplementary Fig. 5) or not (data not shown) . Overall, our results suggest that inhibition of NK cell degranulation and cytokine production is restricted to interaction of HLA-C molecules pulsed with specific LASV peptides and inhibitory KIR2DL2/ DL3 receptors.
Discussion
Prompted by observations that NK cells can induce immune selection pressure in several viral infections, we explored specific KIR-HLA interactions in LASV-infected patients and then investigated the impact of LASV-derived epitopes on primary NK-cell function. We observed that KIR2DL2 expression was closely associated with a poor diagnosis in LF and identified several HLA-C binding epitopes in LASV proteins that can inhibit NK-cell function.
We performed a genetic comparison of KIRs and their cognate HLAclass-1 ligands between healthy individuals and LF patients from the Sierra Leone population. We did not observe strong associations except for the inhibitory KIR2DL2 gene, where a significantly increased frequency was exclusively observed in the fatalities group. In contrast, we have shown previously that in patients infected by Ebola virus from Zaire (ZEBOV), another hemorrhagic fever, all inhibitory KIRs were unchanged, whereas the activating KIR2DS1 and KIR2DS3 genes were considerably more prevalent among non-survivors [16] . These discrepancies could be related to differences in the physiopathological process of LASV infection, which is associated with an inhibition of NK-cell function, whereas ZEBOV infection is characterized by an excessive activation of the immune response that is responsible for a rapid depletion in NK cells and other lymphocytes [2] . These observations suggest that different KIR combinations could provide a permissive immune microenvironment that fosters a fatal outcome. However, we cannot exclude that our results were influenced by population demographic history requiring a confirmation through largescale studies in patients with different hemorrhagic fevers and in other ethnic groups.
In LASV infection, KIR2DL2 could participate in the inhibition of NKcell function in the presence of HLA class-1 + infected target cells [18] .
Our results indicate that several epitopes from NP and GP LASV proteins led to strong interactions with different HLA-B and HLA-C class-1 molecules. These findings are consistent with previous studies that demonstrated that self-epitopes as well as peptides derived from EBV, HCV, and HIV-1 presented by HLA class-1 molecules impact NK-cell function via specific inhibitory KIRs [36] [37] [38] . Currently, our knowledge of the peptide-binding specificity of HLA class-1 molecules differs considerably among the different isotypes. There are more than 50,000 examples of HLA-B interactions that represent the different allotypes and less than 1000 instances registered for HLA-C molecules in the immune epitope database (www.iedb.org). Accordingly, we found significantly more LASV epitopes that strongly interacted with HLA-Bw4 as compared to HLA-C molecules. However, it is important to note that all tested peptides that interact with HLA-Bw4 molecules did not result in detectable binding to KIR3DL1. In contrast, peptide:HLA-C interactions were associated with strong binding with their respective inhibitory KIR receptor, and this interaction significantly inhibited NK cell function. It is however important to note that immunogenetic analysis of KIR and HLA, as well as LASV epitope inhibition assays suggest that interaction of HLA-C1 with KIR2DL2 and KIR2DL3 could have two opposite consequences, facilitation and protection, respectively, whereas these two KIR have more that 98% homology in their ligand binding domains. To confirm this hypothesis these analyses should be analyzed in a larger cohort of LASV-infected patients. These data are consistent with previous studies on functional inhibition of NK cells observed after coculture of LASV-infected human DC and NK cells, as well as in LASVinfected macaques [17, 39] . Taken together, our results elucidate a mechanism by which LASV can evade NK-cell-mediated immune pressure through HLA-C-presented epitopes in order to inhibit the function of NK cells. In this context, the absence of functional effect after interaction between LASV peptides and HLA-B molecules may suggest that Bw4 epitopes could be more involved in binding to the T-cell receptor (TCR) on T cells than on NK cells. Conversely, HLA-C has been thought to play a less important role relative to HLA-A or -B in defense against viral infection via T cell immunity, since HLA-C molecules are expressed at a lower level on their cell surface [40] [41] [42] . Several studies have reported that peptide sequence variations may enhance the binding of inhibitory KIRs to the peptide/HLA complexes and, consequently, down-regulate the activity of NK cells [13, 21, [43] [44] [45] . We also observed naturally occurring variants in NP and GP LASV peptides that led to strong interactions with HLA class-1 molecules. However, these variants were very rare in comparison to chronic infections, like HIV-1, where variants continuously evolve to maintain a viral escape from immune control [13, 21] . In LASV, the vG 420 sequence variation is frequently selected in acute infections (28.1%) and associated with stronger binding to the inhibitory KIR2DL2 receptor. This interaction is in line with genetic evidence that supports a role for KIR2DL2 in LASV infection. The stronger inhibition of the NK cell function could suggest that KIR2DL2 + NK cells exert immune pressure on the virus to select for viral peptides that provide a stronger antiviral response, as previously shown in virus-infected mice [46] . Taken together, our data provide a mechanism by which LASV might be able to evade NK-cell-mediated recognition through the presentation of viral epitopes that engage specific inhibitory KIR receptors.
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